We compared the imaging characteristics and hypoxia selectivity of 4 hypoxia PET radiotracers ( Cu-ATSM]) in a single murine xenograft tumor model condition using small-animal PET imaging and combined ex vivo autoradiography and fluorescence immunohistochemistry. Methods: Nude mice bearing SQ20b xenograft tumors were administered 1 of 4 hypoxia PET tracers and images acquired 80-90 min after injection. Frozen sections from excised tumors were then evaluated for tracer distribution using digital autoradiography and compared with histologic markers of tumor hypoxia (pimonidazole, carbonic anydrase 9 [CA9]) and vascular perfusion (Hoechst 33342). Results: The highest tumor uptake was observed with 64 Cu-ATSM (maximum standardized uptake values [SUVmax], 1.26 ± 0.13) and the lowest with 18 F-FAZA (SUVmax, 0.41 ± 0.24). 18 F-FMISO and 18 F-HX4 had similar intermediate tumor uptake (SUVmax, 0.76 ± 0.38 and 0.65 ± 0.19, respectively). Digital autoradiographs of hypoxia tracer distribution were compared pixel by pixel with images of immunohistochemistry stains. The fluorinated nitroimidazoles all showed radiotracer uptake increasing with pimonidazole and CA9 staining. 64 Cu-ATSM showed the opposite pattern, with highest radiotracer uptake observed in regions with the lowest pimonidazole and CA9 staining. Conclusion: The fluorinated nitroimidazoles showed similar tumor distributions when compared with immunohistochemistry markers of hypoxia. Variations in tumor standardized uptake value and normal tissue distribution may determine the most appropriate clinical setting for each tracer. 64 Cu-ATSM showed the highest tumor accumulation and little renal clearance. However, the lack of correlation between 64 Cu-ATSM distribution and immunohistochemistry hypoxia markers casts some doubt on the hypoxia selectivity of 64 Cu-ATSM. The presence of regions of low tumor oxygen partial pressure (pO 2 ) have long been associated with resistance to radio-and chemotherapy and increased incidence of metastasis and rates of disease recurrence. This phenomenon was attributed to a direct effect of pO 2 on the efficacy of external-beam radiation (termed the oxygen enhancement effect) (1). Recent studies have also highlighted the role of the cellular oxygen-sensing mechanisms, in particular the hypoxiainducible factor (HIF) transcription factors, in governing tumor phenotype and response to therapy (2). Although the influence of tumor hypoxia on disease progression and treatment response is becoming increasing clear, there is no widespread clinical utility for the determination of pO 2 in solid tumors. This is in part due to the methods currently available to measure pO 2 , none of which are completely appropriate as universal biomarkers of tumor hypoxia. Polarographic electrodes inserted directly into tumors can provide absolute pO 2 measurements but can only practically be performed on easily accessible tumor sites. The systemic administration of 2-nitroimidazole-based hypoxia tracers such as pimonidazole and EF5, followed by immunohistochemical detection, has also been previously used (3). These compounds are reduced and specifically retained in hypoxic tumor cells, allowing detection and quantitation of hypoxic regions at the microscopic level. However, in common with polarographic electrode measurements, the method is invasive and subject to potential sampling errors. The employment of endogenous histologic biomarkers of tumor hypoxia has also been widely examined, with the markers carbonic anhydrase 9 (Ca9) and lysyl oxidase showing the most promise (4). Employment of such markers can be complicated by cell-type-specific expression and nonuniform response to changes in the underlying pO 2 , nonhypoxic regulation of expression, and a temporal mismatch between changes in pO 2 and the corresponding change in marker expression (5).
The presence of regions of low tumor oxygen partial pressure (pO 2 ) have long been associated with resistance to radio-and chemotherapy and increased incidence of metastasis and rates of disease recurrence. This phenomenon was attributed to a direct effect of pO 2 on the efficacy of external-beam radiation (termed the oxygen enhancement effect) (1) . Recent studies have also highlighted the role of the cellular oxygen-sensing mechanisms, in particular the hypoxiainducible factor (HIF) transcription factors, in governing tumor phenotype and response to therapy (2) . Although the influence of tumor hypoxia on disease progression and treatment response is becoming increasing clear, there is no widespread clinical utility for the determination of pO 2 in solid tumors. This is in part due to the methods currently available to measure pO 2 , none of which are completely appropriate as universal biomarkers of tumor hypoxia. Polarographic electrodes inserted directly into tumors can provide absolute pO 2 measurements but can only practically be performed on easily accessible tumor sites. The systemic administration of 2-nitroimidazole-based hypoxia tracers such as pimonidazole and EF5, followed by immunohistochemical detection, has also been previously used (3) . These compounds are reduced and specifically retained in hypoxic tumor cells, allowing detection and quantitation of hypoxic regions at the microscopic level. However, in common with polarographic electrode measurements, the method is invasive and subject to potential sampling errors. The employment of endogenous histologic biomarkers of tumor hypoxia has also been widely examined, with the markers carbonic anhydrase 9 (Ca9) and lysyl oxidase showing the most promise (4) . Employment of such markers can be complicated by cell-type-specific expression and nonuniform response to changes in the underlying pO 2 , nonhypoxic regulation of expression, and a temporal mismatch between changes in pO 2 and the corresponding change in marker expression (5) .
When compared with these methods, PET imaging using hypoxia-selective tracers is an attractive option for tumor pO 2 assessment. Several hypoxia PET tracers have been developed, based mainly on radiochemical derivatives of the 2-nitroimidazole and (bis)thiosemicarbazone structures (6) . PET imaging is generally conducted soon after tracer administration (reducing temporal mismatch) and allows quantitative imaging of the whole tumor (reducing sampling error). Although cellular uptake of these tracers is passive, an enzyme-mediated reduction step is crucial to their hypoxia selectivity. However, in the case of 2-nitroimidazole compounds, bioreductive enzyme expression is rarely rate-limiting, and pO 2 is the primary determinant of tracer retention (7) . Significant efforts have been made to optimize hypoxia PET image contrast, primarily by modifications to the chemical structures of the radiotracers resulting in altered pharmacokinetics (8) . In general, the more lipophilic compounds display rapid tissue equilibration and higher first-pass tumor uptake rates but slower background clearance and higher liver accumulation. The hydrophilic compounds display the reverse characteristics: rapid renal clearance, lower liver uptake, and reduced production of metabolites, at the cost of lower absolute uptake and more heterogeneous tumor distribution.
There are few published studies that directly compare the performance of the PET hypoxia tracers relative to each other under controlled conditions. Those that have been conducted have used sequential tracer administration to the same patient or animal, separated by periods of up to 3 d. However, acute changes in tumor hypoxia can potentially introduce uncertainly into studies using sequential tracer administration. The aim of this study was to compare the imaging characteristics and hypoxia specificity of 4 hypoxia PET tracers under standardized conditions in the same animal xenograft model.
MATERIALS AND METHODS

Animal Models and Cell Culture
SQ20b, HT29, and HCT116 cells were cultured in Dulbecco modified Eagle medium supplemented with 10% (v/v) fetal bovine serum, penicillin (100U/mL), and streptomycin (100 mg/mL) and were maintained at 37°C in a humidified atmosphere containing 5% CO 2 .
Animal studies were conducted in compliance with protocols approved by the Memorial Sloan-Kettering Cancer Center (MSKCC) Institutional Animal Care and Use Committee. In vivo experiments were performed using 6-to 8-wk-old female athymic NCr-nu/nu mice. Tumors were initiated by injecting 5 · 10 6 tumor cells in 0.1 mL of phosphate-buffered saline subcutaneously into the hind limb. Radiotracer experiments were performed when tumors reached approximately 1 cm in average diameter, which occurred typically 3-4 wk after initiation.
Radiotracers and Histologic Markers
For 64 Cu-diacetyl-bis(N4-methylsemicarbazone) ( 64 Cu-ATSM) highspecific-activity 64 Cu radioisotope was obtained from Washington University School of Medicine, and ligand synthesis and labeling was conducted as previously described (9) . A radiochemical purity of 99% was assessed by instant thin-layer chromatography. 18 F-fluoride was produced on the MSKCC cyclotron (TR19/9; EBCO Technologies, Inc.). 18 F-fluoromisonidazole ( 18 F-FMISO) (specific activity, 370 MBq/mg [10 mCi/mg]) was prepared according to the method of Grierson et al. (10) by the Cyclotron and Radiochemistry Service at MSKCC. 18 F-fluoroazomycin arabinoside ( 18 F-FAZA) was prepared as described according to the method of Maier et al. (11) . The radiochemical purity of 18 F-FMISO and 18 F-FAZA, determined by highperformance liquid chromatography, was greater than 98%. 18 F-flortanidazole ( 18 F-HX4) was obtained from Siemens PETNET solutions (Siemens Medical Solutions, USA) and radiochemical purity greater than 98% by high-performance liquid chromatography.
Animals were intravenously coadministered 9.25-33.3 MBq (250-900 mCi) of the respective tracer along with pimonidazole hydrochloride (80 mg/kg; Hypoxyprobe-1 [Natural Pharmacia International Inc.]), in a final injection volume of 200 mL. Hoechst 33342 trihydrochloride (Sigma; 1 mg in 100 mL of physiologic saline) was injected 1 min before sacrifice.
PET Imaging
Mice were anesthetized using a 1% isoflurane-to-air mixture and imaged prone with either an R4 or a Focus 120 dedicated small-animal PET scanner (Concorde Microsystems Inc.), an energy window of 350-700 keV, and a coincidence timing window of 6 ns. Images were acquired over a period of 10 min, between 80 and 90 min after administration. Images were reconstructed using the ordered-subset expectation maximization 2-dimensional algorithm. Attenuation and scatter correction were not applied. Mean and maximum standardized uptake values (SUVs) were derived as previously described (12), using the formula [% ID/g · body mass (g)]/100 (%ID/g is percentage injected dose per gram).
Autoradiography and Fluorescence Microscopy
After imaging, a 28-gauge angiocatheter was placed in the tumor to assist with subsequent image registration. Animals were then sacrificed, tumors were excised and embedded in optimal-cutting-temperature mounting medium (Sakura Finetek) and frozen on dry ice, and a series of 10-mm frozen sections was cut. To determine radiotracer distribution, digital autoradiography was performed by placing tissue sections in a film cassette against a phosphor imaging plate (Fujifilm BAS-MS2325; Fuji Photo Film) for an appropriate exposure period at 220°C. Phosphor imaging plates were read at a pixel resolution of 50 mm with a BAS-1800II Bio-Imaging Analyzer (Fujifilm Medical Systems). After autoradiographic exposure, the same frozen sections were then used for fluorescence staining and microscopy.
Immunofluorescence staining for pimonidazole and carbonic anydrase 9 (CA9) was performed essentially as previously described (3), the major difference being the use of a rabbit polyclonal antipimonidazole primary antibody (Natural Pharmacia International Inc.). Secondary detection was performed using goat antirabbit Alexa-488 (for pimonidazole, 1:100) and goat antihuman Alexa-568 (for CA9, 1:100) (Life Technologies Inc., USA) in blocking buffer. Images were acquired at ·40 magnification using a BX60 fluorescence microscope (Olympus America, Inc.) equipped with a motorized stage (Prior Scientific Instruments Ltd.) and CC12 camera (Olympus). Whole-tumor montage images were obtained by acquiring multiple fields at ·40 magnification, followed by alignment using MicroSuite Biologic Suite (version 2.7; Olympus).
Image Registration
Fluorescence and autoradiographic data were registered using Adobe Photoshop (version CS3). The microscope objective calibration factor was used to normalize all images to the same pixel resolution, allowing upsampling of the autoradiographic image or downsampling of the fluorescence images as required. A combination of visual landmarks (tumor edges) and holes resulting from angiocatheter placement were used to register the image datasets. Because the same sections were used for both autoradiography and fluorescence imaging, subsequent registration of each image set was free from registration errors.
Pixel Rebinning and Scatterplot Generation
Pixel rebinning was performed using an adaptation of the methods described by Carlin et al. (13, 14) . Briefly, registered image sets were resampled to a pixel size of 50 mm, corresponding to the native pixel resolution of the digital autoradiography image. Each image was then converted to an 8-bit gray scale, and pixel values with corresponding position were recorded. The data from the digital autoradiography image were designated as independent and the fluorescence image data as dependent. Data were then sorted in ascending order of the independent variable while maintaining the association between independent and dependent values. The dataset was then split into deciles, each containing the same number of data points, that is, the 10% of the data points lowest in terms of the independent variable, then the next lowest 10%, and so on. The mean and SD of the mean were then calculated for each decile for both independent and dependent variables. Figure 1 shows representative coronal sections from small-animal PET images of mice bearing hind limb SQ20b subcutaneous xenografts. The PET images were acquired 80-90 min after injection of the indicated radiotracer. 18 F-FMISO (Fig. 1A) and 18 F-HX4 ( . 64 Cu-ATSM had a greater tumor uptake than either of the other fluorinated nitroimidazoles (SUVmean, 20.62 6 0.09, n 5 4). Tumor uptake of 18 F-FAZA was lowest of the tracers studied (SUVmean, -0.27 6 0.13, n 5 4). 18 F-FMISO showed a marked abdominal distribution, with both the renal and the hepatobiliary clearance routes involved. 18 F-HX4 distribution appeared to be broadly similar to 18 F-FMISO but with a more prominent renal uptake and less liver accumulation at this time point, compared with 18 F-FMISO. 18 F-FAZA clearance appeared to be primarily renal, with prominent kidney and bladder activity (Fig. 1C) . Low liver and gut activity was observed when compared with 18 F-FMISO or 18 F-HX4. Tumor accumulation of 18 F-FAZA was lower than of 18 F-HX4 and 18 F-FMISO, but tumor-background contrast was sufficient to allow clear tumor visualization (Supplemental Fig. 1 ; supplemental materials are available at http://jnm.snmjournals.org).
RESULTS
PET Imaging
64 Cu-ATSM showed some differences in distribution pattern from the fluorinated nitroimidazoles, with more marked liver accumulation and minimal renal-or bladder-associated activity (Fig.  1D ). SUVmean and maximum SUV (SUVmax) at 80-90 min after injection and tumor-to-muscle ratios for each tracer are given in Table 1 , with corresponding statistical analysis given in Supplemental Table 1 .
Histology
Generally, tumor sections were heterogeneous in appearance, with regions of blood vessel-containing stroma visible in the tumor rim becoming less frequent toward the centrally necrotic core (Fig. 2A) . Fluorescence microscopy was used to visualize the vascular perfusion marker Hoechst 33342 (blue, Fig. 2B ), the exogenous hypoxia marker pimonidazole (green, Fig. 2C ), and the endogenous marker CA9 (red, Fig. 2D ). A single 3-color composite image is shown in Figure 2E . Hoechst 33342 distribution was most prominent in peripheral tumor regions and closely mirrored the appearance of light-staining stroma on the hematoxylin and eosin image. Expression of CA9 was strongest in perinecrotic regions and weakest in regions of high perfusion and stromal density. Pimonidazole distribution was broadly similar to that of CA9 expression, with pronounced perinecrotic staining visible and low uptake in areas positive for Hoechst 33342. Rebinned scatterplots comparing the pixel intensities of each marker showed a positive relationship between CA9-pimonidazole and an inverse relationship between CA9-Hoechst 33342 (Fig. 2F) .
Correlative Histology and Autoradiography
An example of 18 F-FMISO distribution and corresponding fluorescence markers is shown in Figure 3 , where the autoradiograph is shown in 8-bit gray scale (Fig. 3B ) from black (lowest activity) to white (highest activity). At both low and high magnifications, there appears a clear correspondence of higher 18 F-FMISO uptake with regions of high pimonidazole and CA9 staining. Conversely, regions with prominent Hoechst 33342 staining are associated with lower 18 F-FMISO uptake. Similar results were observed for both 18 F-HX4 and 18 F-FAZA (shown in Supplemental Fig. 2 ). In contrast, 64 Cu-ATSM showed a pattern of distribution entirely different from the fluorinated nitroimidazoles. Generally, more intense 64 Cu-ATSM uptake was observed in the peripheral rim of the tumor, with decreasing uptake toward the central tumor regions. 64 Cu-ATSM uptake appeared to colocalize with areas of higher Hoechst 33342 intensity and less so with the areas of highest CA9 and pimonidazole staining intensity (Fig. 4) .
Rebinned Scatterplot Analysis
Pixel values from coregistered autoradiographs and fluorescence images were rebinned and scatterplots generated as previously described (13) . Representative scatterplots of Hoechst 33342, pimonidazole, and CA9 fluorescence intensity versus radiotracer pixel count are shown in Figure 5 and Supplemental Table 2 . For 18 F-FMISO, 18 F-HX4, and 18 F-FAZA, there is a clear monotonically increasing relationship between pimonidazole-CA9 fluorescence and radiotracer uptake, together with a more complex but generally inverse relationship between Hoechst 33342 fluorescence and radiotracer uptake. However, the relationship between 64 Cu-ATSM uptake and the fluorescence markers was different from those for the fluorinated nitroimidazoles. For 64 Cu-ATSM, the highest uptake values were associated with the lowest values of pimonidazole-CA9 fluorescence and higher, rather than lower, values of Hoechst 33342 fluorescence (Fig. 5D) .
To exclude the possibility that the observed distribution of 64 Cu-ATSM was model-dependent, we performed the same experiment using 2 alternative xenograft models, HT29 and HCT116. Similarly to the SQ20b xenografts, higher 64 Cu-ATSM uptake was observed in the peripheral tumor regions with decreasing uptake toward the tumor center. Figure 6 shows comparative coregistered fluorescence overlays and 64 Cu-ATSM autoradiographs for all 3 xenograft models. The rebinned scatterplots show broadly similar relationships between the fluorescence markers and 64 Cu-ATSM uptake-that is, lower CA9-pimonidazole and higher Hoechst 33342 fluorescence is associated with higher 64 Cu-ATSM uptake.
DISCUSSION
This study directly compared the imaging characteristics and hypoxia selectivity of 4 hypoxia PET radiotracers under standardized experimental conditions. The principal tumor model used in this study (SQ20b) was selected because of its heterogeneous microenvironment and high hypoxia-inducible CA9 expression (Fig. 2) .
This study was not designed to take into account the differing pharmacokinetics of each tracer. We used an 80-to 90-min postadministration imaging window for each tracer as an intermediate time between those commonly reported for the fluorinated nitroimidazoles (90-180 min) and 64 Cu-ATSM (30-60 min) (6, 8, (15) (16) (17) (18) . This single time point was selected to permit a direct comparison of the properties of each tracer without a major deviation from the currently used clinical imaging protocols for each. In the case of the fluorinated nitroimidazoles, increasing tumor-to-blood ratio over time is counteracted by deteriorating image quality due to reducing counting rate, which effectively limits the potential imaging window to between 90 and 180 min (19) . However, uptake at this time period is assumed to reflect underlying pO 2 with minimal confounding effects of residual tracer in the blood pool (20) . The most appropriate imaging time for 64 Cu-ATSM is less well established, with several studies indicating a wide range of potential values. Initial preclinical and early clinical studies evaluated tumor uptake of 60 Cu-and 64 Cu-ATSM between 30 and 60 min after administration (15, 16, 21) . Our own recent study using the human FaDu head and neck xenograft model found that, whereas absolute tumor uptake and tumor-to-muscle ratio continued to increase up to 18 h after administration of 64 Cu-ATSM, no changes in the tumor distribution was observed over this period (22) . Together, these data imply that the tumor distribution of 64 Cu-ATSM at 80-90 min after injection is most likely a reasonable reflection of the hypoxia selectivity.
The imaging data presented here are in keeping with previous reports using single-or dual-tracer studies ( Fig. 1; Table 1 ). 18 F-FMISO and 18 F-HX4 showed broadly similar tumor uptake, with relatively lower abdominal 18 F-HX4 retention. 18 F-FAZA showed reduced absolute tumor and normal tissue uptake, compared with 18 F-FMSIO and 18 F-HX4, while retaining tumor image contrast. Tumor-to-muscle ratios were similar for each of the fluorinated nitroimidazoles, and no statistical difference was observed between either tracer (Supplemental Table 1 ). 64 Cu-ATSM showed significantly greater tumor uptake and tumorto-muscle ratio than the fluorinated tracers, along with marked liver uptake and an absence of renal clearance. Autoradiographic determination of radiotracer distribution was compared with the histologic hypoxia markers pimonidazole and CA9 and also with the vascular perfusion marker Hoechst 33342. Although the distribution of the fluorinated nitroimidazoles all showed a monotonic positive correlation with both CA9 and pimonidazole, 64 Cu-ATSM displayed a much more complex relationship with these markers (Figs.  5 and 6 ). In each of the 3 models examined, the lowest rebinned 64 Cu-ATSM pixel values correlated with those with highest pimonidazole and CA9 expression. The inverse of this relationship was seen with Hoechst 33342, suggesting a relationship between uptake and vascular delivery of the tracer. However, the correlation between 64 Cu-ATSM distribution and all of the histologic markers was clearly nonlinear.
Although pimonidazole and CA9 are commonly suggested as gold standards of tumor hypoxia, it is important to place these markers within the context of this study. The expression of CA9, although tightly regulated by the hypoxiainducible transcription factor HIF1a, cannot be assumed to be an exclusive marker of tumor hypoxia. Confounding factors include tissue-dependent and nonhypoxic regulation of expression, antigen shedding, and inability to reflect acute changes in pO 2 (5, 23, 24) . Pimonidazole is a 2-nitroimidazole compound, which has been widely validated as an immunohistochemical hypoxia marker, with reports of nonhypoxic uptake limited to central nervous system tissues only (25) . It is structurally similar to the fluorinated tracers used in this study but unrelated to the (bis)thoisemicarbazone ATSM. The absolute uptake of pimonidazole in tumor hypoxic regions, and its correlation with other histologic hypoxia markers, may increase with time between administration and sacrifice, complicating the quantitative assessment of pimonidazole distribution (26) . However, our use of both markers, coupled with the observation of a close correspondence between the 2, provides strong evidence of an underlying microregional hypoxic microenvironment and that both markers together can serve as a reasonable basis for comparison of PET tracer hypoxia specificity in the SQ20b model system (Fig. 2) . The absence of a positive correlation between 64 Cu-ATSM distribution, pimonidazole uptake, and CA9 expression requires some explanation. It is likely that the pO 2 sensitivity and distribution of pimonidazole would correspond more closely to the other 2-nitroimidazoles than 64 Cu-ATSM, which has previously been shown to have a complex relationship to pimonidazole distribution in other tumor models (22, 27, 28) . In addition, it has been suggested that 64 Cu-ATSM uptake discriminates a wider range of hypoxic values than pimonidazole, leading to uptake in tumor regions that are not permissive for 18 F-FMISO (29) . However, CA9 expression and pimonidazole bioreduction occur at different pO 2 values (,20 and ,10 mmHg, respectively) (30) (31) (32) , and the low uptake of ATSM at either of these pO 2 values casts doubt on the ability to interpret PET images of ATSM distribution as reflecting locoregional pO 2 gradients. Recent studies by Bowen et al. have indicated that 64 Cu-ATSM distribution may be governed principally by low tumor extracellular pH (pHe), rather than low pO2 exclusively (29) , which may explain the prognostic significance of high ATSM uptake in certain tumor types (33) . Although low tumor pO2 and low pHe may be expected to be found together in the same tumors, this relationship is not necessarily linear. It is possible that the reduction of tumor pHe via hypoxia-inducible enzymes (such as CA9, MCT4, or LDHA) could result in high pHe-mediated ATSM uptake in hypoxic tumors, but without matching localization with hypoxic microregions, as seen in the data presented in this study. For these reasons, 64 Cu-ATSM may not be the optimal tracer in circumstances in which accurate delineation and mapping of the hypoxic tumor regions is of primary importance, such as image-guided intensity-modulated radiotherapy (34) . However, the high tumor uptake of 64 Cu-ATSM results in excellent image contrast, and accurate identification of the conditions permissive for 64 Cu-ATSM retention in vivo could provide important information additional to that provided by other PET tracers.
CONCLUSION
18 F-FMISO and 18 F-HX4 demonstrated similar tumor uptake, with a slightly higher renal clearance distribution observed for 18 F-HX4. 18 F-FAZA demonstrated the lowest tumor uptake and lowest background. 64 Cu-ATSM demonstrated the highest tumor uptake and image contrast of the hypoxia tracers studied. Autoradiography and correlative histology confirm targeting of hypoxic tumor regions for the fluorinated 2-nitroimidazoles but cast doubt on the hypoxia-selectivity of 64 Cu-ATSM.
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